Cells respond to external stress conditions by controlling gene expression, a process which occurs rapidly via post-transcriptional regulation at the level of protein synthesis. Global control of translation is mediated by modification of translation factors to allow reprogramming of the translatome and synthesis of specific proteins that are required for stress protection or initiation of apoptosis. In the present study, we have investigated how global protein synthesis rates are regulated upon mild cooling. We demonstrate that although there are changes to the factors that control initiation, including phosphorylation of eukaryotic translation initiation factor 2 (eIF2) on the α-subunit, the reduction in the global translation rate is mediated by regulation of elongation via phosphorylation of eukaryotic elongation factor 2 (eEF2) by its specific kinase, eEF2K (eukaryotic elongation factor 2 kinase). The AMP/ATP ratio increases following cooling, consistent with a reduction in metabolic rates, giving rise to activation of AMPK (5 -AMP-activated protein kinase), which is upstream of eEF2K. However, our data show that the major trigger for activation of eEF2K upon mild cooling is the release of Ca 2 + ions from the endoplasmic reticulum (ER) and, importantly, that it is possible to restore protein synthesis rates in cooled cells by inhibition of this pathway at multiple points. As cooling has both therapeutic and industrial applications, our data provide important new insights into how the cellular responses to this stress are regulated, opening up new possibilities to modulate these responses for medical or industrial use at physiological or cooler temperatures.
INTRODUCTION
The control of protein synthesis is an essential component of the response to deviation from an ambient environment in mammalian cells. In general, two parallel translational responses are instigated following stress: a rapid reduction of global protein synthesis and a selective increase in the translation of specific mRNAs [1] .
Translation is a three-stage process comprising initiation, elongation and termination, with all three phases highly regulated [2] [3] [4] . For example, during initiation phosphorylation of eukaryotic initiation factor 2 (eIF2) on the α-subunit (eIF2α) reduces the formation of ternary complex (eIF2, GTP and initiator methionyl-tRNA) that is required to bring the initiator methionyltRNA to the 40S ribosomal subunit. Initiation control is also mediated by regulating the bioavailability of the eIF4F complex (which comprises eIF4E, the cap-binding protein; eIF4G, a scaffold protein; and eIF4A, a DEAD box helicase) which binds to the 7-methylguanosine mRNA cap and recruits the 40S ribosomal subunit, which then scans to the first initiation site in a good context [5] .
Elongation commences with aminoacyl-tRNA recruitment to the ribosome acceptor (A) site, which requires GTP-bound eEF1A (eukaryotic elongation factor 1A) for delivery. Cognate pairing of tRNA and mRNA then induces ribosome catalysed peptide-bond formation and GTP hydrolysis by eEF1A. eEF1A dissociates to allow ribosomes to translocate along the message. Translocation is catalysed by eEF2, another GTPase, which leaves a vacant A site to allow the next aminoacyl-tRNA to enter, starting a new cycle. The rate of elongation can be modulated by the phosphorylation of eEF2 on Thr 56 . This phosphorylation inhibits eEF2 activity by physically blocking its entry into the A site, therefore reducing the rate of translocation and elongation [6, 7] .
Although the post-transcriptional mechanisms regulating translation following exposure of cells to a wide range of stresses have been defined, the relationship between the stress of reduced temperature and modulation of the translational machinery has not been fully studied. Understanding cooling of mammalian cells is important as cold-shock is used in transplant medicine, heart surgery and has industrial applications in recombinant protein production where it prolongs cell survival in culture by
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reducing apoptosis [5, 8, 9] . Two mammalian cold-shock proteins CIRP (cold-inducible RNA-binding protein) and RBM3 (RNAbinding motif protein 3) are induced following exposure of cells to sub-physiological temperatures [10, 11] . Both proteins directly bind mRNA and are involved in the modulation of translation, highlighting the potential importance of post-transcriptional regulation during cooling [12, 13] .
In the present study, we examined translational control at a mildly hypothermic temperature to elucidate the key mechanisms that moderate proteins synthesis in mammalian cells under these conditions. Our detailed analyses show that in cells cooled to 32
• C, suppression of elongation is responsible for the significant reduction in global protein synthesis requiring signalling to eEF2 via the activation of eEF2K (eukaryotic elongation factor 2 kinase), potentially by multiple mechanisms. The dominant signal leading to eEF2K activation is cooling-induced efflux of Ca 2 + ions from the endoplasmic reticulum (ER), which is required for suppression of translation via the calmodulin/eEF2K/eEF2 axis.
EXPERIMENTAL

Cell culture and transfections
Human embryonic kidney (HEK)-293 cells were cultured under standard conditions in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FBS and 2 mM L-glutamine (all Invitrogen). To induce cold-stress cells were incubated at 32
• C in a 5% CO 2 , 95% air atmosphere, for up to 24 h before harvesting. FLAG-tagged GADD34 (growth arrest and DNA damage inducible 34) [14] and an shRNA plasmid targeting eEF2K (target sequence: 5 -CTCATGCCTGCAACCGGATTT-3 ) were transfected using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. siGENOME SMARTpool targeting AMPKα1 (5 -AMP-activated protein kinase α1), AMPKα2, liver kinase B1 (LKB1) and calcium/calmodulin-dependent protein kinase kinase β (CaMKKβ) and siGENOME non-targeting siRNA pool were purchased from Dharmacon and transfected for 48 h using oligofectamine (Invitrogen) according to the manufacturer's instructions, at a final concentration of 100 nM. Chemicals were sourced from Santa Cruz Biotechnology [4EGI-1, harringtonine, STO-609 and 2-aminoethoxydiphenyl borate (2-APB)], SigmaAldrich (cycloheximide) or Millipore (puromycin and A484954).
SDS/PAGE and Western blotting
Cell pellets were lysed [in 10 mM Tris/HCl, pH 7.5, 50 mM NaCl, 10 mM iodoacetamide, 0.5 % NP40, 0.5 % sodium deoxycholate, 0.5 % SDS supplemented with protease inhibitor cocktail and PhosSTOP (both Roche) and benzonase (Novagen)], denatured by addition of Laemmli's buffer and subjected to electrophoresis. Following transfer to PVDF or nitrocellulose membranes (BioRad Laboratories), blots were probed with primary antibodies, horseradish peroxidase-conjugated secondary antibodies and ECL (GE Healthcare) were used for detection. ImageJ (NIH) was used for data quantification.
Antibodies
Antibodies were purchased from Cell Signaling Technology [eIF2α, eIF2α pSer 51 
Determination of protein synthesis rates
Media was supplemented with 1.11 MBq/ml [ 35 S]methionine label (Hartman Analytical) for 30 min, cells were washed with cold PBS, lysed and trichloroacteic acid (TCA) added to a final concentration of 12.5 %. Insoluble protein was captured on glass microfibre filter papers (Whatmann), radioactivity was determined by scintillation counting (National Diagnostics) and normalized to total protein determined by BCA assay (Pierce).
LC-MS/MS analysis for adenine metabolites
The LC-MS/MS method was based on that reported previously [15] . Cell pellets were extracted with 500 μl of cold methanol/1.25 mM EDTA containing 0.5 μM 8-Br-cAMP as internal standard. Following centrifugation at 16 000 g at 4
• C for 15 min, the supernatant was evaporated at room temperature, re-dissolved in 50 μl of mobile phase and injected (5 μl) for LC-MS/MS analysis. LC-MS/MS analysis was performed using a Luna C 18 column, 3 μm particle size (2.1 mm internal diameter × 150 mm length) on a Waters Quatro Ultima triple quadrupole mass spectrometer in negative ESI mode. Quantitative analysis was by the use of external calibration standards for each nucleotide. 
Sucrose density gradient ultracentrifugation
Cells were treated with cycloheximide at 100 μg/ml for 3 min before harvesting, and pellets were lysed in lysis buffer (300 mM NaCl, 15 mM MgCl 2 and 15 mM Tris/HCl (pH 7.5) containing 1 mg/ml heparin sulfate and 100 μg/ml cycloheximide plus 0.1 % Triton X-100). Post nuclear supernatants were layered on 10 %-50 % (w/v) sucrose gradients of gradient buffer (lysis buffer without Triton X-100). Gradients were centrifuged at 38 000 rev./min for 3 h at 4
• C in a SW40 Ti rotor (Beckman Coulter) then separated through a live absorbance 254 nm UV spectrometer (Isco).
Harringtonine run-off analysis
Cells were treated with harringtonine at 2 μg/ml for 0, 60 and 120 s before treatment with cycloheximide at 100 μg/ml for 3 min. Cells were then processed for each time point by sucrose density gradient ultracentrifugation (see above). Areas under the curve were calculated using the trapezoid method.
Ribosome half-transit times
The protocol was adapted from previous publications [16, 17] . Cells ( 10 7 ) were resuspended in 4.5 ml of growth medium at 37
• C for 15 min. [ 35 S]Methionine label was added to a final concentration of 3.7 MBq/ml. Cells were incubated for 10 min with 1 ml aliquots taken every 2 min and mixed with 0.5 ml of ice-cold PBS containing 300 μg/ml cycloheximide. Cells were lysed in gradient lysis buffer (see above). Nuclei and mitochondria were pelleted and the supernatant was mixed with gradient buffer containing sucrose to give a final sucrose concentration of 5 %, making the post-mitochondrial supernatant (PMS). Half (500 μl) of the PMS was layered on a 30 % (w/v) sucrose/gradient buffer cushion and centrifuged at 41 000 rev./min for 37 min at 4
• C in a SW40 Ti rotor (Beckman Coulter). The top 500 μl was removed from the sucrose cushion as the post-ribosomal supernatant (PRS). Protein from both the PMS and the PRS was precipitated with TCA and [
35 S]methionine incorporation was measured by scintillation counting. The half-transit time was calculated as the time difference in the x-axis intercepts of the PRS and PMS.
Cytoplasmic calcium influx analysis
HEK-293 cells were grown at 37
• C on polylysine-coated 13 mm glass coverslips for 48 h before loading with 5 μM Fluo-4/AM (acetoxymethyl ester) (Invitrogen) at 37
• C for 15 min. After the removal of loading medium, the cells were incubated at 37
• C for a further 15 min to allow for AM ester hydrolysis before maintenance at 37
• C or transfer to 32
• C for the indicated times. Cells were then fixed for 15 min in 3 % (w/v) paraformaldehyde plus 0.2 mg/ml EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodi-imide hydrochloride] in PBS then mounted in Mowiol. Calibration of fluorescence intensity was carried out as per the manufacturer's instructions. The quantitative data were obtained by measuring the background subtracted fluorescence intensity, which was related to intracellular calcium concentration by using the maximum (Ca 2 + ) and minimum (EGTA) fluorescence measurements and the equation: [Ca 
Statistical analyses
All statistical analyses used the paired two-tailed Student's t test method. A P value below 0.05 was deemed significant.
RESULTS
Cooling to 32
• C reduces the rate of protein synthesis with little effect on polysomes
To induce a cold-shock response, HEK-293 cells were incubated at 32
• C for 4 h or 24 h. Both the cold-shock proteins, RBM3 and CIRP were induced following 24 h of cooling to 32
• C ( Figure 1A ). The rate of global protein synthesis was determined in parallel by measuring incorporation of [ 35 S]methionine into nascent protein. This decreased by approximately 40 % compared with control treatment after 4 h of cooling with an additional decrease to 60 % after 24 h ( Figure 1B) . Thus, as expected, global protein synthesis is impaired by cooling.
Next, post-nuclear extracts from HEK-293 cells incubated at 37
• C or 32
• C for 24 h were separated by sucrose density gradient ultracentrifugation into translating ribosomes (polysomes) and non-translating ribosomes plus dissociated ribosomal subunits (sub-polysomes) ( Figure 1C ). There was only a small decrease in the amount of 'heavy' polysomes (i.e. mRNAs that are associated with many ribosomes) following 24 h of cooling, with a slight increase in the number of 'light' polysomes. These profiles differ considerably from conditions where the initiation of protein synthesis is inhibited, e.g. following genotoxic stress [18] or during apoptosis [19] where there is a large decrease in the polysomally associated mRNAs. Consistent with previous analyses, we observed little change in the viability of cells following mild cooling (results not shown) [5, 8, 9 ].
Changes to eIF4F or ternary complex formation do not contribute to the inhibition of protein synthesis during cooling to 32 • C
In other systems, a reduction in protein synthesis rates following cell stress occurs by modifying either bioavailability of the mRNA cap-binding complex (eIF4F) or by reducing the levels of ternary complex [1, 2] by altering the phosphorylation status of the canonical eIFs involved in these complexes. Thus we analysed members of the eIF4F complex by Western blotting (Figure 2A ). However, there was little change in the expression of eIF4F complex proteins or eIF4F regulatory-binding partners, such as 4EBP1 (Figure 2A ). Of note, there appeared to be a reduction in the expression of eIF4A2, with a concurrent increase in eIF4A1 expression. These proteins have recently been defined as non-redundant, whereby eIF4A2 specifically permits miRNA function [20] .
To analyse the role of the eIF4F complex further, 4EGI-1, which inhibits the interaction between eIF4E with eIF4G essential for eIF4F formation [21] , was used. Cells grown at 32
• C exhibited almost identical sensitivity to 4EGI-1, measured by reduction in [ 35 S]methionine incorporation, as cells grown at 37
• C with a 40 % reduction in protein synthesis in each case ( Figure 2B ). This suggests that translational inhibition following cold stress is not dependent on disruption of eIF4E/eIF4G.
Modulation of the ternary complex occurs via regulation of phosphorylation of its protein component: the trimeric eIF2 complex. The expression of eIF2α and eIF2β was not altered upon cooling ( Figure 2C ). However, phosphorylation of Ser 51 in eIF2α was induced 3-fold following 24 h exposure to 32
• C, consistent with ternary complex inhibition and suppression of translation and in agreement with previous data [22, 23] .
To assess the contribution of eIF2α phosphorylation to global protein synthesis rates in cold stressed cells, dephosphorylation of Ser 51 was enhanced by expression of the GADD34 protein [24] , which activates the phosphatase responsible for eIF2α Ser 51 dephosphorylation, thus increasing ternary complex activity [25] . Expression of GADD34 at 32
• C reduced the phosphorylation of eIF2α on Ser 51 ( Figure 2D ), however, GADD34 over-expression was insufficient to overcome the inhibition of global protein synthesis ( Figure 2E ), suggesting that the phosphorylation of eIF2α observed in cold-stress is not required for the suppression of global protein synthesis. The data suggest that reduction in active ternary complex availability and indeed translation initiation, in general, does not make a major contribution to the reduced protein synthesis rate in cold-stressed cells.
Ribosomes elongate more slowly at reduced temperature
We observed only small differences in the global abundance of polysomes following cold-shock, despite the 60 % decrease in global translation rate (Figures 1B and 1C) . The retention of polysomes following cooling could be due to defective translation termination or ribosome stalling. Therefore a puromycin release assay was performed. Cells were grown at either 32
• C or 37 • C for 24 h then incubated with puromycin, which enters the ribosome A site and terminates elongation by being incorporated into the nascent peptide [26] . Thus, reduced polysome abundance at both 37
• C and 32
• C following puromycin treatment indicates vacant A sites in both conditions ( Figure 3A) . Furthermore, cooling induced no alteration in the expression of the canonical or stalled ribosome release factors (Supplementary Figure S1A) . Together, these data indicate that ribosomes are not stalled or deficient in termination upon cooling.
Another explanation for the retention of polysomes following cooling is that ribosomes remain associated with mRNA to a similar extent but are less efficient at elongating at 32
• C than 37
• C. This would result in the observed similar messenger occupancy (polysome abundance), but reduced protein output ([ 35 S]methionine labelling). We therefore analysed the regulation of translation elongation following cooling. Interestingly, a significant increase in the inhibitory phosphorylation of eEF2 was observed after a 4 h and 24 h incubation at 32
• C compared with cells cultured at 37
• C (Figures 3B and 3C ). Detectable phosphorylation of eEF2 in control cells doubled following mild cooling. We assume this is a uniform induction across all cells. We cannot rule out that a sub-population of cells contribute the phosphorylation signal detected, but this seems unlikely. There was no change in the total abundance of either eEF1A or eEF2.
To measure the relative rate of translation elongation, a pulsechase strategy was used [27] . Cells grown at either 32
• C or 37
• C were treated with harringtonine to inhibit the first translocation of the ribosome [27, 28] . Uninhibited ribosomes were then allowed to elongate for incremental periods before adding cycloheximide to block translocation of all active ribosomes. Extracts were then analysed by sucrose density gradient ultracentrifugation, and the polysomal abundance was calculated and represented graphically ( Figure 3D and Supplementary Figure S1B) . Increasing time between drug treatments gave incremental loss of polysomes. Treatment of cells with harringtonine for 120 s before addition of cycloheximide at 37
• C allowed sufficient time for almost complete 'run-off' of the elongating ribosomes. In contrast, in cooled cells, approximately 50 % of the polysomes remain after 120 s, indicative of a lower rate of elongation in these cells.
For quantitative analysis of elongation, ribosome half-transit times were determined for cells incubated at 37
• C for 24 h. Cells were grown at the indicated temperatures then cultured at the same temperature (37
• C) during half-transit time determination in order to exclude thermodynamic differences in the measurements. Strikingly, the half-transit time almost doubled (from 93 s to 174 s) in cooled cells compared with the cells grown at 37
• C ( Figure 3E ). This bears similarity to the ∼50 % reduction in global protein synthesis rate ( Figure 1C ).
eEF2K limits translation elongation during cold stress
Although the reduction in protein synthesis and translation elongation rates may be the result of reduced thermodynamics upon cooling, the increase in the inhibitory phosphorylation of eEF2 ( Figure 3B ) suggests that there is an additional active response to limit protein synthesis. eEF2 Thr 56 phosphorylation is regulated exclusively by one kinase, eEF2K, which inhibits eEF2 and can reduce the rate of protein synthesis [29] . eEF2K is a highly regulated phosphoprotein, responsive to kinase signalling from anabolic pathways such as mTOR signalling [30] and cell stress, for example hypoxia [31, 32] .
The role of eEF2K following cooling has not been studied previously, therefore we targeted the activity of the kinase by both genetic and chemical inhibition. First, eEF2K shRNA treatment resulted in a parallel reduction in the phosphorylation of eEF2 Thr 56 , illustrating functional suppression of eEF2K ( Figure 4A ). Importantly, there was a restoration of global protein synthesis rates in cooled cells with a 35 % increase when compared with control cooled cells ( Figure 4A ). In the absence of cooling, suppression of eEF2K did not significantly affect protein synthesis, despite reducing the phosphorylation of eEF2 ( Figure 4A) . Secondly, the selective eEFK2 inhibitor, A484954 [33] was used. Whereas treatment of cells with A484954 reduced the phosphorylation of eEF2 Thr 56 at both 37
• C ( Figure 4B ) only in cooled cells was a small, but significant, increase in the global protein synthesis rate observed ( Figure 4B ). The suppression of eEF2 phosphorylation in A484954-treated cells was far greater than in cells where eEF2K had been suppressed by shRNA ( Figure 4B compared  with 4A ). However the restoration of protein synthesis was greater in the shRNA-treated cells. This discrepancy is likely to result from eEF2K acting as both an allosteric and a kinase-dependent inhibitor of eEF2 [34, 35] ; A484954 treatment will reduce eEF2K enzymatic activity, but allows allosteric suppression, whereas shRNA knockdown of eEF2K only modestly reduces its kinase activity (seen as less efficient loss of eEF2 phosphorylation), but has a greater effect on protein synthesis due to the additional loss of allosteric inhibition. Taken together, these data illustrate that suppression of translation elongation via eEF2K/eEF2 actively limits protein synthesis during cold stress.
AMPK is activated during cold stress, but is not required for eEF2K activation eEF2K integrates kinase signalling from many upstream pathways [29] . The expression and regulatory phosphorylation status of kinases in the mTOR, ERK and cyclin B/CDC2 pathways, all of which are known to negatively regulate eEF2K [30, 36] , are not altered following cooling to 32
• C for 24 h (Supplementary Figures S2A and S2B) . To investigate the regulation of eEF2K further, extracts were either analysed using a phospho-specific antibody against eEF2K Ser 500 ( Figure 4C ) or by immunoprecipitation of eEF2K, followed by Western blotting against phosphorylation of Ser 398 ( Figure 4D ). Increased phosphorylation was observed at both these residues, but no change in total eEF2K expression with cooling.
Phosphorylation at either Ser 500 or Ser 398 correlates with activation of eEF2K downstream of PKA (protein kinase A) and AMPK respectively [37] [38] [39] . PKA activation has been reported in a yeast model of cooling [40] ; however, Ser 500 is also an intramolecular auto-phosphorylation site on eEF2K meaning its phosphorylation may be a consequence and not a cause of eEF2K activation [41] . In contrast, AMPK is known to be activated in extreme cooling, where it has also been linked to the suppression of translation and stress granule formation [23] . However, the mechanism by which AMPK suppresses translation in the cold has not been fully described. Importantly, the Ser 398 site on eEF2K is not believed to be auto-phosphorylated, consistent with an increase in AMPK upon cooling [41, 42] .
AMPK functions as a heterotrimer; the α-subunit is catalytic and the β-and γ -subunits perform structural and regulatory functions respectively [43] . There are two isoforms of the α-subunit with phosphorylation of these on Thr 172 required for kinase activity. Phosphorylation is governed by adenosine nucleotide binding to the γ -subunit; the ATP bound conformation conceals Thr 172 , maintaining AMPK as inactive, whereas binding of AMP alters the conformation to allow phosphorylation and activation [44, 45] . By this mechanism, AMPK senses the ratio of AMP to ATP with an increase in the former activating downstream pathways designed to redress the ATP deficit [43] . We therefore hypothesized that during cold stress a reduction in energy production may result in the activation of AMPK and in turn activation of eEF2K.
The relative abundance of ATP, ADP and AMP was analysed in cells cooled to 32
• C for 4 h and 24 h and compared with cells maintained at 37
• C. Consistent with activation of AMPK, there was a significant increase in AMP and decrease in ATP during cooling ( Figure 5A ). Activation of AMPK, assayed using a Thr 172 phospho-specific antibody, correlated with the adenine nucleotide alterations showing a significant increase after 24 h at 32
• C ( Figure 5B ). Importantly, there was also increased phosphorylation of the AMPK target ACC upon cooling [46] . The expression of two of the upstream AMPKα activatory kinases, LKB1 and CaMKKβ, were not increased ( Figure 5B ) [43] .
To determine whether AMPK is responsible for reduced protein synthesis during cooling, siRNAs were used to reduce the expression of each AMPK α-subunit, reducing overall α-subunit expression ( Figure 5C ); this correlated with a large reduction in AMPKα pThr 172 and a slight reduction in the phosphorylation of ACC ( Figure 5C ). However, there was no change on eEF2 pThr 56 , implying that reducing AMPK activity in cooled cells is insufficient to reverse the phosphorylation of eEF2. Moreover, no change in global protein synthesis was seen following AMPKα knockdown compared with control transfection, either at optimal temperature or following cooling ( Figure 5D ). In addition, siRNA targeting of two upstream kinases of AMPKα (LKB1 or CaMKKβ) or pharmacological inhibition of CaMKKβ [47] had no significant effect on protein synthesis rates or eEF2 phosphorylation in cooled cells (Supplementary Figures S3A and  S3B) , despite effectively inhibiting the activation of AMPKα, measured as reduced AMPKα and ACC phosphorylation. These results suggest that although AMPK is activated in cooled cells, which may result in phosphorylation of eEF2K at Ser 398 ( Figure 4D ), signalling via AMPK is not required for reduced translational elongation under these conditions. It has previously been reported that AMPK promotes the formation of stress granules upon extreme cooling [23] . However, after 24 h of cooling to 32
• C, no difference in the localization of stress granule marker proteins TIAR or G3BP was observed (Supplementary Figure S4) .
Cooling induces calcium influx into the cytosol, which suppresses protein synthesis rates eEF2K is normally dependent upon interaction with activated, calcium-ion-bound calmodulin [48] . The mechanism by which calcium/calmodulin activates eEF2K is not fully understood and is complicated by site-specific phosphorylation of eEF2K allowing calmodulin-independent activity [38, 41] . Nevertheless, we next addressed whether cytosolic calcium modulates eEF2K. The cytosolic calcium concentration was measured over a short time-course of cooling. Cells were loaded with the Fluo-4/AM dye and subsequently cooled for 0 (37 • C), 15 or 30 min. Fluo-4/AM resides exclusively in the cytosol and fluoresces when bound to calcium, allowing quantification of cytosolic calcium concentration. There was a more than 10-fold increase in To determine the source of calcium, experiments were performed in media containing Ca 2 + ions or the ion chelator EGTA (Supplementary Figure S5) ; however, the cytosolic calcium influx was comparable, indicating that the calcium was not extracellular in origin. We therefore reasoned that the ER was the source of calcium. There are two types of ER ion channels through which calcium efflux can occur: the ryanodine channels and the inositol 1,4,5-triphosphate receptor (IP 3 R) channels. Cells were treated with inhibitors of these channels and cytosolic calcium measured. Ryanodine channel inhibitors had no effect (results not shown), but cells treated with the IP 3 R channel inhibitor 2-APB, showed a reduction in cytosolic calcium influx on cooling to 32
• C (Figures 6A and 6B) .
The 2-APB drug was then used to investigate the role of calcium signalling in protein synthesis control. Consistent with a suppression of protein synthesis by cytosolic calcium influx at 32
• C, 2-ABP treatment significantly restored the reduction in [
35 S]methionine incorporation ( Figure 6C ). Thus, in cooled cells protein synthesis rates were increased by 22 % following drug treatment compared with untreated, cooled cells. Importantly, the increased protein synthesis following 2-APB treatment correlated with reduction in eEF2 pThr 56 compared with cooled control cells ( Figure 6D ). Interestingly, we also observed a calcium-dependent effect on AMPKα pThr 172 , which may be accounted for by the calcium/calmodulin requirement of CaMKKβ, a direct AMPKα kinase [49] . However, the cold-induced phosphorylation of eIF2α was not responsive to attenuation of cytosolic calcium influx ( Figure 6D ).
DISCUSSION
Our detailed analysis of the control of translation following cooling to 32
• C shows that elongation is the major regulator of protein synthesis rates under these conditions (Figure 7) . The reduction in the rate of elongation is driven by activation of eEF2K and subsequent suppression of eEF2 catalysed translocation (Figure 4) . Therefore the response to cooling is predominately regulated by translation elongation control and eEF2K. Previous reports have identified a role for eEF2K following nutrient deprivation in tumours [50] , during exposure to hypoxic conditions [31, 32] , in response to cytotoxic drugs [51, 52] and to allow check-point silencing following DNA damage [53] . It would also be of interest to analyse whether cooling-induced activation of eEF2K relates to its emerging physiological roles in re-programming of the translatome during sleep [54] and in quality control of oocytes [55] .
Phosphorylation of eIF2α is also induced following cooling although this does not suppress translation, consistent with previous reports [22, 23] . It is possible that the increase in eIF2α phosphorylation limits initiation to reduce physical interference between mRNA-bound ribosomes around the start codon, in agreement with recent data [56] . This could explain why eIF2α phosphorylation is induced, but not essential for suppression of protein synthesis in the cold (Figures 2C-2E) .
Regulation of protein synthesis following extreme cooling to 10
• C has been studied previously [23] . Despite the difference in temperature, there are similarities between extreme cooling and the mild hypothermia used in the present study. Both temperatures invoke phosphorylation of eIF2α, which does not drive the reduction in protein synthesis (Figure 2 ) [23] . AMPK is activated at both 10
• C and 32 • C, however, AMPK does not drive suppression of translation at 32
• C ( Figure 5 ; Supplementary  Figure S3 ), whereas at 10
• C, AMPK is responsible for both stress granule formation (which are not observed at 32
• C, Supplementary Figure S4 ) and translation repression [23] . This suggests that despite AMPK activation during mild hypothermia, AMPK signalling may only be essential during extreme cooling. Cooling induces a 10-fold increase in cytosolic calcium, which originates from the ER. This may directly activate eEF2K via binding to calmodulin, which promotes eEF2K activity in its calcium-bound form. Concurrently, cooling increases the AMP/ATP ratio, activating AMPK ('P' indicates cooling induced phosphorylation). AMPK may be activated via calcium signalling through CaMKKβ, which is dependent upon calcium/calmodulin binding. Phosphorylation of eEF2K may also enhance its activity downstream of AMPK, other signals or auto-phosphorylation. The outcome of this is activation of eEF2K, phosphorylation and suppression of eEF2 and reduced rates of protein synthesis.
It seems counterintuitive for cells to actively suppress protein synthesis during cooling when thermodynamics will also dictate a reduction in the mechanics of translation. However, when the major driver of the protein synthesis shut down, eEF2K was inhibited, protein synthesis rates did not return to control levels ( Figures 4A, 4B and 6C) , suggesting that the continued thermodynamic restraints of cooling do not permit complete restoration. Despite this, we can conclude that a part of the response to cooling is an active suppression of translation, but why? Despite activation of the energy sensing AMPK, this pathway is not essential for suppression of translation in mild hypothermia, suggesting that energy depletion is not the major cause of reduced protein synthesis. Instead another possibility is that elongation is reduced to allow longer for co-translational protein folding. The propensity for a nascent chain to form the correct conformation upon cooling is likely to be limited by thermodynamic constraints. The rate of protein elongation is intrinsic in maintaining a productive equilibrium between cotranslational folding and ribosome speed [57] . It will be interesting to analyse whether restoration of protein synthesis by inhibition of eEF2K or calcium signalling results in reduced co-translational folding and if this influences the health of the proteome.
Calcium signalling is highly activated upon cooling ( Figures 6A  and 6B ). Increased cytosolic calcium has been reported previously in animal models involving cooling [58] [59] [60] , but this is the first time cooling-induced cytosolic calcium influx has been linked to suppression of translation ( Figure 7) . We have shown previously that cooling induces alterations in the cellular lipid composition [61] and we hypothesized that this was linked to rigidification of membranes to cope with reduced temperature. We suggest that membrane alterations may correlate with changes in transmembrane-protein activity, such as the IP 3 R/calcium channels that are activated in the cold (Figures 6A and 6B) . The mechanism of IP 3 R channel activation merits investigation, with alterations in ER membrane composition an obvious starting point.
Overall, this work has illustrated that during physiologically relevant mild hypothermia there is an active response to limit the rate of translation, which occurs by suppression of elongation. At the molecular level, there is an inhibition of translocation due to phosphorylation of eEF2 (Figure 7) . Multiple signalling pathways appear to activate eEF2K; however, we propose that the major regulatory signal activating eEF2K is the calcium-ion flux from the ER into the cytosol. We demonstrate the ability to inhibit this pathway, opening the opportunity to manipulate the translational response to cooling for potential medicinal and industrial gain.
